Abstract. Drifting snow, a common two-phase flow movement in high and cold areas, 8 contributes greatly to the mass and energy balance of glacier and ice sheets and 9 further affects the global climate system. Mid-air collisions occur frequently in 10 high-concentration snow flows; however, this mechanism is rarely considered in 11 current models of drifting snow. In this work, a three-dimensional model of drifting 12 snow with consideration of inter-particle collisions is established; this model enables 13 the investigation of the role of a mid-air collision mechanism in openly drifting snow.
Introduction

24
As one of the most important indicators of global climate change, snow cover is 25 widely distributed over high latitude regions (Mann et al., 2000; Gordon and Taylor, 26 2009; Huang and Shi, 2017) . Drifting snow is an important natural phenomenon in 27 which air flow carries snow particles traveling near the surface, which not only Euler-Euler models (Bintanja, 2000; Déry and Yau, 1999; Lehning et al., 38 2008; Schneiderbauer and Prokop, 2011; Uematsu et al., 1991; Vionnet et al., 39 2013; Xiao et al., 2000) and Euler-Lagrange models (Huang et al., 2016; Huang and collision model. 48 In this work, a trajectory-based mid-air collision model for drifting snow is 
Turbulent boundary layer
57
The wind field is obtained from a large eddy simulation model of the Advanced
58
Regional Prediction System (ARPS, version 5.3.3) (Xue et al., 2001 
Mid-air collision model
79
The Lagrange particle tracking method is used to calculate the trajectory of each snow 80 particle. Considering the fluid drag force and gravity, the governing equation of 81 particle motion can be read as (Anderson and Haff, 1988; Lopes et al., 2013) :
83
(1 ) 
91 in which the smaller root will be used if two roots exist. Thus, the collision time of x x < .
94
To obtain particle information after the collision, the original coordinate system
95
( X ,Y , Z ) is rotated to a new coordinate system ( r X , r Y , r Z ), as shown in Fig. 1 , in 96 which the r X axis points from the center of particle A to that of B. In this condition,
97
only the particle velocity component along the r X axis is changed after the collision. Finally, the new coordinate system is rotated to the original location, and the 
119
The aerodynamic entrainment scheme of (Zwaaftink et al., 2014 ) is used to 120 induce a drifting snow in the turbulent boundary layer. In addition, the splash function 121 for snow (Sugiura and Maeno, 2000) is used to describe the grain-bed interaction. Furthermore, the fracturing of the snow particle is not considered during particle 123 collision, and the rotation of the particle is also neglected because the duration time of 124 inter-particle collision is very short. The particle size distribution of the snow sample is similar to that adopted by However, the snow transport flux is obviously enhanced with inter-particle 144 collisions than without mid-air collisions, and the snow transport flux with mid-air 145 collisions is obviously closer to the measurements (Okaze et al., 2012; Sugiura et al., 146 1998), which indicates that mid-air collisions are not negligible within drifting snow.
147
At the same time, the enhanced proportion increases with increasing friction velocity. 
Collision frequency 156
The collision frequency under various friction velocities is shown in Fig. 4 . It can be 157 seen that the collision frequency is directly related to the particle concentration. When 158 the particle concentration is below 1.0e6 m -3 , inter-particle collisions rarely occur.
159
However, with the further increment in the particle concentration, the frequency of the 160 inter-particle collision event increases rapidly, and one particle may experience over various friction velocities (inset: mean particle momentum of saltating snow particle 165 in drifting snow).
166
In addition, the collision frequency also increases with the friction velocity at the larger friction velocity, and as shown in the inset, the mean particle momentum tends 169 to increase with friction velocity, which is also consistent with the experimental 170 measurements (Nishimura et al., 2015; Nishimura and Hunt, 2000) .
171
From the above analysis, drifting snow generally exists at a critical height, i.e., speed lower in the saltation layer (Kok et al., 2012) . This is also true for drifting snow,
192
as shown in Fig. 6(a) . In this simulation, coarse snow particles are adopted since pure 193 saltation with least suspended snow is wanted, the particle size distribution is shown
194
in Fig. 6(b) . It can be seen that the particle size is larger than 100 mm because the Bagnold, 1941; Clifton et al., 2006; Nishimura and Hunt, 2000; Owen, 214 1964; Vionnet et al., 2013) shown in Fig. 6(a) .
219
For wind-blown sand movement, recent studies have proved that the saltation 220 mass flux actually shows a quadratic dependency with the friction velocity since the 221 mean particle speed in the saltation layer is independent of the friction velocity
222
( Durán et al., 2011; Ho et al., 2011; Kok et al., 2012) . For drifting snow, however, the thus, the snow saltation flux may be considerably different.
244
Most previous drifting snow models adopted by the mass balance studies of 
Conclusions
251
In this work, a three-dimensional drifting snow model in the turbulent boundary layer 252 with consideration of a mid-air collision mechanism is established based on tracking 253 the trajectory of each snow particle; this model enables the exploration of the mid-air 254 collision mechanism on the drifting snow process exactly.
255
In the traveling snow flow, mid-air collisions play an important role in enhancing 256 the snow transport flux. In addition, there exists a critical particle concentration in 257 which inter-particle collisions rarely occur below this value. However, above the 258 critical concentration, the collision frequency as well as the role of inter-particle 259 collisions is found to increase with the friction velocity. 
